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Abstract 


From  May  of  1988  to  August  1990  as  part  of  the  NOP  field  pr')graiu  rwf'lve  taji 
moorings  measured  the  Gulf  Stream  s  temperature  and  '.eloeity  fields  at  nominai  i»-ptlis  of 
-100  m.  700  m.  1000  m.  and  3500  m.  Although  stiff,  high-performance  nioormgs  were  use.! 
to  maintain  the  top  current  meters  at  approximately  400  m  below  the  surface  i luui.i  ui 
above  the  sea  floor),  the  jet's  drag  caused  the  moorings  to  make  vertical  excursions 

Therefore,  the  current  meter  data  were  corrected  to  constant  horizons  using  a  modified 
version  of  Hogg's  (1991)  mooring  motion  correction  scheme  .An  important  extension  of 
Hogg's  (1991)  method  is  the  inclusion  of  a  weighted  interpolation  of  the  measured  temper¬ 
atures.  This  modification  assures  that  as  the  current  meter  measurements  approacii  the 
respective  nominal  depths,  the  corrected  temperature  and  velocity  outputs  smoothly  ap¬ 
proach  the  measurements:  i  e.  the  compensated  u.i.T  records  are  truer  to  the  measured 
records. 

This  report  documents  the  mooring  motion  correction  of  the  SYNOP  Central  .Array- 
temperature  and  velocity  data. 
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1  Introduction 


In  the  region  between  Cape  Hatteras  and  t!ie  Grand  Baaki.  the  Guif  Strf  ain  a  --rrone  arid 
coherent  jet  with  instantaneous  speeds  of  up  to  2  m  s"‘  near  the  surface  and  up  to  U  2  tn  •'"* 
near  the  bottom.  As  the  Gulf  Stream  flows  in  deep  water  near  68°VV.  the  jet  experience-,  large 
amplitude  meanders,  often  forming  and  interacting  with  rings.  S\'XOP  ^SY.N’opric  Ocean 
Prediction)  is  a  multi-investigator  research  project,  involving  modelers,  theoretinan''.  and  ob- 
servationalists.  w'hose  goals  are  to  understand  and  model  the  dynamics  governing  the  Gulf 
Stream  meandering. 

The  SYNOP  field  program  consisted  of  three  arrays:  an  Inlet  .Array  near  Cape  Hatteras.  a 
Central  Array  near  ()8°V.'.  and  an  Ea.stern  .\rray  just  west  of  the  Grand  Banks  near  55°VV.  The 
focus  of  this  report  is  the  Central  .A.rray.  consisting  of  twelve  tall,  high-performance  moorings 
which  measured  the  Gulf  Stream's  temperature  and  velocity  fields  at  nominal  depths  of  400 
m.  700  m.  1000  m  and  3500  m.  In  addition,  .\coustic  Doppler  Current  Profilers  i  ADCPs) 
were  placed  atop  three  of  the  moorings  (12.  H3.  and  H4).  Inverted  echo  sounders  tlESs)  with 
pressure  sensors  were  placed  near  the  base  of  each  current  meter  mooring.  The  lES.  .\DCP  and 
current  meter  sites  in  the  Central  .\rray  are  shown  in  Figure  1.  Although  most  moorings  had 
two  deployment  periods  between  May  1988  and  August  1990.  four  of  the  tall  moorings  were  in 
place  for  the  full  two-year  period.  During  the  second  year,  an  additional  thirteenth  mooring. 
M13.  was  deployed.  The  current  meter  measurements  are  documented  in  Shay  et  a/..  1993. 

■Although  fairing  on  the  mooring  wire  and  extra  flotation  were  used  to  keep  the  moorings 
taut  and  maintain  the  top  current  meters  at  depths  of  approximately  400  m  below  the  surface 

4000  m  above  the  sea  floor),  the  jet's  drag  caused  the  upper  1000  m  of  the  moorings  to  make 
vertical  excursions.  Therefore,  the  current  meter  data  was  corrected  to  constant  horizons  using 
Hogg’s  (1991)  mooring  motion  correction  scheme.  This  report  documents  the  mooring  motion 
correction  of  the  SYNOP  Central  Array's  temperature  and  velocity  data. 

In  the  next  section,  Hogg’s  (1991)  method  will  be  briefly  reviewed.  In  our  application  of 
Hogg’s  method,  we  made  a  slight  modification  to  the  temperature  correction.  This  modification 
and  the  specific  steps  involved  in  correcting  the  SYNOP  Central  Array  data  set  are  discussed 
in  Section  3.  Extensive  tests  of  the  corrections  are  discussed  in  Section  4.  Sections  5  and  6 
show  how  we  estimated  the  errors  in  the  corrected  temperature  and  velocity  fields.  Section  7 
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Figure  1 


The  SYNOP  Central  Array,  centered  near  38N/68W, 
IS  composed  of  twenty  four  lESs  (boxes)  and 
thirteen  tall  current  meter  moorings  (x's) . 

The  lES  at  the  base  of  each  tall  current  me 
moorings  has  a  pressure  sensor.  Sites  i2,  h 
and  h4  also  have  .ADCPs  (circles)  atop  the  t 
moorings . 
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discusses  some  useful  byproducts  of  the  nioonnst  motion  scheme,  including  the  p.->ei!do. ,i;id 
computation  of  the  Brunt-Vaisala  frequency. 

2  Hogg  (1991)  Mooring  Motion  Correction  Scheme 

Hogg's  j  1991)  mooring  motion  correction  scheme  assumes  that  ail  isotherms  are  parallel 
in  a  Gulf  Stream  cross-section.  This  is  equivalent  to  assuming  that  the  vertical  profile  of 
temperature  has  a  'canonical  shape'  at  all  times  and  locations:  the  profile  is  only  shifted  up 
and  down  as  the  Gulf  Stream  shifts  back  and  forth  across  the  mooring.  The  functional  form 
used  to  describe  the  canonical  temperature  profile  is  a  Nth  order  polynomial  of  the  form; 

Tix.p.t)  =  F(p.,/(x. n  -  p)  il) 

.V 

F{pr,f-p)  =  i2°c  -  (-2) 

n  =  l 

The  coefficients  of  the  polynomial,  c^.  are  determined  by  performing  a  leaist- squares  regression 
on  the  observed  (T. p)  data. 

Once  the  coefficients  have  been  determined,  the  canonical  profile  is  shifted  to  fit  the  iT.p) 

measurements  on  a  given  mooring,  yielding  a  time  series  of  pref  for  that  site.  If  the  mooring 

consists  of  more  than  one  current  meter,  the  (T.p)  pairs  are  regressed  on  the  canonical  profile  to 
determine  the  optimal  pre/.  Subsequently,  the  corrected  temperatures  at  the  desired  pressure 
levels  are  obtained  simply  by 

FcoriPnom)  —  F{  prff{x ,  t)  —  p^Qin) .  ( .J  ) 

To  correct  the  current  meter  velocity  measurements  for  mooring  motion,  the  velocity  is 
interpolated  using  temperature.  The  first  step  is  to  use  the  rotation  matri.x.  R.  to  rotate  the 
velocity  components  from  east-north  coordinates  to  stream-coordinates,  .\fter  correcting  for 
mooring  motion,  the  velocities  are  rotated  back. 


^  «  « 1  / 
i'„n]'  =  R  vj^ 

(4) 

uj.  I’jj  =  R^  ^R  ui,  vj  ^ 

(0) 

=  R^[i’,i,  tvfi]' 

(6) 
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where 


R 


costi  .^inO 
—  ^tnd  cosd 


and  6  =  atnn[{i\  -  i'i)Hu,^  -  u/)).  Note  that  R  equals  the  identity  matrix. 

Assuming  thermal  wind  and  a  well  defined  T-S  relationship,  the  vertical  change  m  the 
velocity  can  be  related  to  the  cross-stream  temperature  gradient.  In  stream  coordinates,  where 
the  downstream  (or  shear)  component  of  velocity  is  v,  s.  we  obtain 


Of--, 

Op 


=  +• 


ga  OT 
f  On 

ga  dpref  OF 
f  On  dp 


9) 


where  a  is  the  effective  thermal  coefficient  of  expansion.  /  is  the  Coriolis  parameter  and  g  is 
gravity.  By  integrating  with  respect  to  pressure,  it  can  be  shown  that  the  change  in  velocity  is 
proportional  to  the  change  in  temperatu’'e: 


Oprtf  Of . 

■fpu  Op  ^  ~  Jp^  f  c 


On  dp 


dp 


v,(pt)  -  vAPh)  =  -y  -  r(pu)]. 


(10) 

III) 


where  the  subscripts  u  and  /  refer  to  upper  and  lower  depths.  Thus. 


t''j(Pnom)  f-',(pi)  _  f-',iPl)  t*j(Pu)  10  1 

T(pnom)  -  T{pi)  ~  Tipi)-  Tip  J  ' 

Or.  I'siPnom)  =  [T(  Pnom )-  T(p/)1  +  r,(p/)  lldl 

^  \  Pi)  i  {  pu.  ) 

=  m[r(pnom)  -  Hp;)]  +  {14,1 


The  cross-stream  component  of  the  velocity  I’n  must  then  be  added  to  the  corrected  shear 
component  vAPnom)  to  obtain  the  corrected  velocity  vector,  Ucor-' 


Ucor  —  f-',ip  nom  )  ^  ^  (  I  0  ) 

If  the  vertical  shear  is  purely  due  to  thermal  wind,  then  m  in  Equation  4  is  constant 
throughout  the  water  column  (for  a  given  time)  and  the  choice  of  levels  u  and  i  is  arbitrary. 
However,  it  is  advantageous  to  use  the  two  current  meters  that  are  nearest  in  temperature  to 
the  corrected  temperature:  In  the  event  that  the  measured  temperature  equals  the  corrected 
temperature,  the  corrected  velocity  will  equal  the  measured  velocity. 
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It  should  be  noted  however,  that  in  Hogg's  correction  scheme  this  same  principle  does  nut 
apply  to  the  temperature  correction.  In  the  event  that  rhe  current  meter  is  at  tlie  aonnnai 
pressure,  the  corrected  temperature,  obtained  from  the  canonical  profile,  is  m'jt  necessanlv  the 
measured  temperature.  .As  described  in  the  next  section,  in  our  application  of  llugg's  corr'u-’ion 
scheme  to  the  .SA'XOP  ('entr.al  .\rrav  data,  we  modified  rhe  temperature  correction  procedure 
to  require  that  T-^r{ )  =  T.^  when  p  =  p„^,n. 

3  Application  to  the  SYNOP  data 

3.1  The  SYNOP  Central  Array  measurements 

Typically,  the  vertical  excursions  of  the  SV.VOP  current  mete,  moorings  were  on  the  order 
of -50  meters.  Occasionally  though,  the  excursions  were  larger.  For  example,  one  large  excursion 
taken  by  mooring  H6  exceeded  550  m. 

The  moorings  were  designed  to  have  their  upper  1000  meters  remain  essentially  vertical  at 
all  times.  Additionally,  fairing  was  installed  on  the  wire  between  the  three  top  current  meters 
to  improve  the  performance.  Table  1  summarizes  the  conditions  of  the  fairing  upon  recovery. 
.\s  noted  in  that  table,  fish  nets  were  tangled  on  some  moorings.  However,  the  nets  were  always 
near  the  bottom  current  meter  and  therefore  did  not  significantly  affect  the  mooring  motion. 

For  most  moorings,  the  typical  pressure  differences  between  the  level  1  and  level  2  current 
meters  were  3060  kPa  (303  m‘)-  Between  level  I  and  level  3  the  typical  delta  pressures  were 
2.02X.3060  kPa  (612  m).  However,  due  to  differences  in  flow  conditions  (e.g.  strong,  moderate, 
or  weak  currents)  and  differences  in  the  buoyancy  and  drag  (fearing)  of  each  mooring,  the 
actual  delta  pressures  vary  from  mooring  to  mooring.  Table  2  lists  the  differences  between  the 
measured  pressures  by  the  current  meters  at  levels  I  and  2  (and  between  levels  1  and  3  where 
available).  First  order  statistics  on  the  vertical  excursion  of  each  mooring  are  also  given  in 
Table  2. 

Each  of  the  three  moorings  prepared  by  the  University  of  Miami  (H3.  H4.  and  12)  had  an 
■ADCP,  with  pressure  and  temperature  sensors,  mounted  12  m  above  the  top  current  meter 
(Figure  2).  The  .\DCPs  measured  the  velocities  throughout  the  upper  400  m  of  the  water 
column.  To  reduce  noise,  the  velocities  are  averaged  within  9  m  bins.  .As  shown  in  Figure  2. 


Table  1.  Comments  on  Condition  of  Moorings 
from  Recovery  Logbooks 

The  upper  three  current  meters  on  each  mooring  were  separated  by  JOO  m  pierPb  o 
wire.  These  two  sections  are  designated  as  LI  and  L2.  Fairing,  in  i  ')  ft  iensiUi" 
wa.s  installed  on  both  the  Ll  and  L2  wire  lengths. 


YEAR  1 

G2  Two  2-3  ft  pieces  of  fairing  were  stuck  on  Ll. 

G3  OK 

H3  Eight  .5  ft  pieces  of  fairing  jammed  on  Ll. 

H4  Three  or  four  1-5  ft  pieces  of  fairing  jammed  on  Ll. 

Ho  Some  pieces  of  fairmg  were  jammed  on  both  Ll  and  L2. 
12  Tw’o  5  ft  pieces  of  fairing  jammed  on  Ll. 


Table  2.  Current  Meter  Pressure  Statistics 

First  order  statistics  of  the  level  1  current  meter  pressures  in  tiie  S\  XOP  (  eiurai  Ar'a.  .ue 
listed.  Also  tabulated  are  the  means  and  the  standard  deviations  of  the  pressure 
between  the  level  1  and  levels  2  and  3  sensors.  The  pressure  sensors,  at  nominal  (i*>pt.h> 
of  400  m.  700  m.  and  1000  m.  are  respectively  denoted  as  Pimeas.  P  ’ineas.  and  Pdniea.-. 
Pressures  are  expressed  in  units  of  1000  kPa  (or  100  db).  The  symbol  ".V.V'  uidicatfs  no 
data. 


YEAR  1 


Site! 

P2meas  -  Pimeas  | 

P3meas  -  Pimeas  ; 

P  1  meas 

Mean 

Std  ! 

Mean 

Std  ; 

Mean 

Mir 

Max 

O'd 

G2 

3.043 

0.039 

NA 

NA  ! 

3.572 

3.200 

4.663 

0.371 

G3 

NA 

NA 

NA 

NA  1 

4.052 

3.470 

5.116 

0.44'< 

H3 

3.131 

0.008 

6.401 

0.014  [ 

3.259 

3.226 

3.695 

0.06-8 

H4 

3.044 

0.035 

6.221 

0.085  i 

3.989 

3.483 

5.464 

0.363 

Ho 

NA 

NA 

NA 

NA  i 

3.846 

3.336 

6.414 

0.609 

12 

3.207 

0.014  1 

NA 

NA  I 

3.389 

3.363 

3.6.54 

0.042  i 

13 

NA 

NA  1 

NA 

NA  ! 

3.755 

3.176 

5.956  1 

0.481 

14 

3.085 

0.028  1 

NA 

NA  1 

3.743 

3.188 

5.409 

0.507 

YEAR  2 


P2meas  -  Pimeas 

P3meas  -  Pimeas 

Plmecis 

Sitei 

Mean 

Std 

Mean 

Std 

Mean 

Min 

Max 

Std 

G2 

NA 

NA 

NA 

NA 

3.845 

3.396 

5.318 

0.408 

G3 

NA 

NA 

NA 

NA 

3.957 

3.547 

6.023 

0.460 

H2 

3.077 

0.003 

NA 

NA 

3.720 

3.664 

4.602 

0.112  ^ 

H3 

3.122 

0.050 

NA 

NA 

3.360 

3.127 

4.656 

0.291  ^ 

H4 

3.009 

0.018 

NA 

NA 

3.890 

3.547 

5.669 

0.351 

H6 

NA 

NA 

NA 

NA 

4.470 

3.665 

9.676 

1.246  ^ 

11 

3.093 

0,004 

NA 

NA 

3.775 

3.723 

4.584 

0.107 

12 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA  : 

13 

3.046 

0.038 

6.2.50 

0.079 

3.599 

3.136 

5.804 

0  567  ■ 

14 

3.025 

0.120 

6.257 

0.082 

3.737 

3.171 

6.847 

0.668  : 

15 

3.101 

0.012 

NA 

NA 

4..301 

3.627 

8.373 

0.936  i 

M13 

3.081 

0.049 

NA 

NA 

3.654 

3.157 

6.167 

0.496 

NOTE:  For  site  I4  during  Year  2.  the  standard  deviation  between  levels  1  and  2  is  greater 
than  that  between  levels  1  and  3  du'’  to  a  drift  in  the  level  2  sensor.  However  this  drift  is  of  no 
consequence  because  the  observed  level  2  pressures  are  not  used  in  the  mooring  motion  correction. 
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depth 

379  m 


388  m 
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700  m 


IC  00  m 
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figure  2:  Schematic  diagram  of  a  taJl  current  meter  mooring. 


the  Bin  1  velocities  are  located  ')  ni  above  the  ADCP  itself  aiul  Ji  ib  Uie  •<)[>  . 

meter.  Thus  the  ADCPs  provided  redundancy  in  the  to[)  level  niea.surern,^.,/ , 

.^ppendi.x  .A  compares  the  temperatures  measured  by  the  ADCPs  and  tlie  upp'^r  lew-i  .  irrejit 
meters  at  four  sites.  For  two  of  the  sites.  H3-'i'R2  and  r2.VR2.  there  i.s  good  lOnMOenc}  b>o\seen 
the  measurements.  This  was  not  tlie  case  for  two  other  sites.  HdA'Rl  and  H}.\  Ri  H  j\sever. 
the  differences  are  not  surprising  because  the  accuracy  of  the  .\DCP  temperat  ur"  - 

is  not  as  good  as  that  of  the  current  meters.  Thus,  the  .\DCP  temperatures  '.'.ere  siot  ’i''‘d  m 
the  mooring  motion  correction  procedures  except  where  the  temperature  sensors  on  tlie  : 
current  meters  failed. 

On  the  other  hand,  the  .\DCP  pressure  measurements  could  be  validated  by  acoustic  track¬ 
ing  (B.  Johns,  pers.  comm.)  and  were  deemed  to  be  more  trustworthy  than  the  current  meter 
pressures.  Thus  the  .ADCP  pressures  were  used  whenever  possible.  First  order  statistics  of  the 
•ADCP  pressures  are  reported  in  Table  -3  together  with  the  mean  pressure  differences  between 
the  .ADCP  and  the  upper  two  current  meters.  Taking  into  account  the  wire  lengths  and  moor¬ 
ing  design,  it  was  shown  that  there  was  a  6  db  discrepancy  between  pressures  measured  by  the 
■ADCP  and  those  of  the  top  level  current  meters  on  all  three  Miami  moorings.  Comparisons 
with  the  acoustic  tracking  depths  revealed  that  the  current  meter  pressures  were  too  large  <  most 
likely  caused  by  .Miami  pressure  calibration  errors).  Therefore,  the  .ADCP  pressures  werp  used 
for  the  mooring  motion  correction  with  data  gaps  filled  by  the  current  meter  pressures  after 
subtracting  the  6  db  bias. 

In  order  to  correct  the  velocities  and  temperatures  for  mooring  motion,  the  pressure  of 
each  current  meter  at  the  time  the  measurements  were  made  must  be  known.  However  not 
all  of  the  level  2  and  level  3  current  meters  had  pressure  sensors,  and  furthermore,  some  of 
the  measurements  were  questionable.  For  example,  several  of  the  level  2  current  meters  on  the 
Miami  moorings  exhibited  pressure  biases  similar  to  those  found  with  the  level  1  instruments. 
Based  on  the  mooring  design,  the  differences  in  pressure  between  the  top  three  current  metprs 
were  expected  to  be  nearly  constant  despite  the  mooring  motion.  Thus,  the  top  current  meter 
pressures  were  u.sed  together  with  constant  offsets  to  simulate  the  daily  pressures  at  the  level  2 
and  3  instruments  as 

;;2(t)  =  pl(  f ) -f  delpTJ  ilb) 

p3|f)  =  pl(f) -f  delpl3  '17) 
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Table  3.  ADCP  Pressure  Statistics 


First  order  statistics  of  the  ADCP  pressures  in  the  S't'NOP  Central  Arras  ar-  h-ted 
Also  tabulated  are  the  means  and  the  standard  deviations  of  the  pre-,',ure  dirfereares 
between  the  ADCP  and  current  meters  at  levels  1.  and  d.  The  ADCP  pres^ures. 
designated  as  Pbin\.  correspond  to  the  depth  of  the  Bin  1  velocities  <9  m  abo'.e 
the  ADCP  or  21  m  above  the  level  I  current  meter).  The  current  meter  seniors,  at 
nominal  depths  of  400  m,  TOO  m  and  1000  m.  are  respectively  denoted  as  Plrneas. 
Pimeas.  and  P3meas.  Pressures  are  expressed  in  units  of  1000  kPa  i  or  100  dbi. 
The  symbol  ".VA”  indicates  no  data. 


YEAR  I 


■■ 

P2meas 

-  Pbinl  ■ 

P3meas  -  Pbinl  | 

Pbinl  ! 

IS 

Mean  j 

Std 

Mean 

Std  1 

Mean 

Min 

Max  i  Std 

H3 

0.2.58 

gggM 

IjMgil 

USSM 

2.994 

2.979 

3.081  :  0.019  I 

H4 

0.2S0 

■Hi 

3..831 

3.239 

4.448  i  0,336  i 

- -  .  . .  . .  . .  . .  . , 

YEAR  2 

Plrneas  -  Pbinl 

P2meas  -  Pbinl  ! 

Pbinl 

Site 

Mean 

msm 

Mean 

mam 

Mean 

Std 

Mean 

Min 

Max  i  Std 

EOi 

0.272 

3.394 

WBM 

XA 

3.088 

2.862 

4.431  ,  0.296 

HI 

NA 

■SI 

3.216 

3.251 

3.034 

5.065  i  0.314 

The  offsets  delpr2  and  delpl3  were  d^^'tertnined  for  each  mooring  based  on  both  rh^  !i;uor!!,‘i 
design  (wire  lengths  and  stretching*  and  the  observations. 

Comparisons  of  the  simulated  and  observed  pressures  were  made  by  looking  at  tiie  mean  and 
e,xtreme  differences  between  the  records.  The  results  are  summarized  in  Table  i.  In  general,  the 
differences  are  under  10  db  (0.10  kPa)  as  anticipated  by  the  mooring  design.  The  large  mean 
differences  on  Miami  moorings  H3  and  12  are  assumed  to  be  related  to  calibration  errors  of  the 
current  meters  since  p2  and  pi  are  simulated  from  the  acoustically- verified  .\DCP  pressures. 
Table  4  also  indicates  long  term  drifts  in  the  observed  pressures.  Several  instruments  had  <irift 
rates  of  about  4  db  per  year.  W  hile  these  drifts  are  too  high  to  use  the  observed  pressures 
for  dynamical  analyses,  they  are  small  enough  that  that  do  not  significantly  affect  the  mooring 
motion  correction. 

In  the  above  equations,  pi  is  defined  as  the  pressure  at  the  upper  most  temperature  mea¬ 
surement  (ri).  For  the  most  part,  Tl  and  pi  refer  to  the  measurements  made  by  the  level 
1  current  meter  (Table  5).  However  this  is  not  true  for  .\fl3  and  the  three  .Miami  moorings. 
For  site  M13.  the  level  1  pressure  sensor  didn't  function  properly  during  a  50  d  period.  So 
instead,  we  used  the  level  2  current  meter  pressure  record  and  chose  the  appropriate  values  for 
delpr2  and  delpl3  (listed  in  Table  5)  to  determine  the  level  1  and  level  3  pressures.  For  Miami 
moorings  H3-YR1,  H3.YR2,  and  H4-YR1.  .\DCP  pressures  were  used  instead  of  the  current 
meter  pressures.  However,  the  level  1  current  meter  temperatures  were  still  used  as  Tl  for 
those  moorings.  Consequently,  the  .\DCP  pressures  {Fbinl)  needed  to  be  adjusted  by  21  m 
from  the  depth  of  the  Bin  1  velocities  to  the  depth  of  the  level  1  current  meter  { Figure  2).  Thus 
pi  =  Fbinl  4-  21  db  for  those  moorings.  For  Miami  moorings  H3.YR2  and  r2-YR2.  the  .\DCP 
temperatures  were  used  as  Tl:  thus  the  Fbinl  pressures  were  offset  by  9  m  depth  to  be  the 
depth  of  the  ADCP  (Figure  2).  Since  the  .ADCPs  failed  on  moorings  r2-YRl  and  H4-YR2,  the 
current  meter  pressures  were  used  for  the  mooring  motion  correction.  However,  as  noted  above. 
the.se  needed  to  have  a  6  db  bias  removed.  Table  5  summarizes  how  pi  and  Tl  were  determined 
for  each  mooring.  The  offset  constants.  delpl2  and  delplS.  are  also  listed  in  Table  5. 

The  mooring  motion  scheme  also  requires  that  the  upper  most  velocity  (Ul)  and  its  pressure 
iPU)  be  specified.  .A.r  indicated  in  Table  5.  the  level  1  current  meter  velocities  were  used  in 
all  but  two  cases.  Thus,  typically  PV  =  pi.  However  when  the  ADCP  velocities  were  used. 
PU  =  Fbinl  =  pi  -  9  db. 
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Table  4.  Comparison  of  Simulated  and  Measured  Pressures 

at  Levels  2  and  3 

P2  and  P3  are  simulated  pressures  from  Pi  u-ing  E(i!iutioi!>,  Mi  ami  IT,  Pjiueas  aiui  P  Jitieas 
are  the  observed  pressures  on  the  mooiiugs.  "(.iood  agreement”  iiuiicares  rhat  tim  orfset^, 
and  peak  dilTorences  between  the  simulated  and  measured  pressures  fail  .•.ithiii  die  ranges 
anticipated  by  the  mooring  design.  Pressure  units  are  kPa.  record  length  of  1  400  pts 
corresponds  to  a  period  of  about  one  vear. 


Mooring 

Observed  Drifts 

P2  -  P'imeas  '  P3  P.lmeas 

Offset  :  Extremes  !  Offset  ;  Extremes 

( 'onrmetif  s 

G2-VR1 

N’one  1 

_ L 

-0.025 

0.15  1 

N.\  !  N.k 

Good  agreement 

H2-YR2 

N.\  1  N.\ 

Good  agreement 

H3-YR1 

PI;  -0.03  over  j 

1400  pts. 

P3meas:  -0.03 

over  300  pts. 

-0.13 

0.10 

1 

0.09 

i 

1 

Pi  1 ADCP )  verified  acous- 
ticallv;  offsets  are  due  to  ; 

current  meter  Diases. 

j 

H3-YR2 

P2nieas:  -0.12  | 

over  1000  pts 

t 

-0.20 

0.3  ; 

i 

N.4 

NA 

t 

j 

Pi  (.\DCP)  verified  acous-  | 
ticallv;  offsets  are  due  to  ! 
current  meter  biases.  1 

H4-YR2 

.None  i 

UM 

I1-YR2 

N.\ 

H 

Good  agreement  i 

1 

t 

i 

1 

t 

I2.YR1 

PI:  0.0 1  over 
loOOpts. 

P2meas:  0.07  over 
TOOpts. 

0.22 

0.06 

.NA 

NA 

I 

i 

Pi  ( .-KDCP)  verified  acous-  i 
tically;  offsets  are  due  to  ; 
current  meter  biases. 

I2.YR2 

None 

O 

o 

1 

O.ll 

j 

NA 

NA  1 

i 

f 

i 

Pi  (.-KDCP)  verified  acous-  : 
tically:  offsets  are  due  to  i 
current  meter  biases. 

I3.YR2 

None 

Good  agreement 

I4-YR1 

None 

None 

^gm 

NA 

Good  agreement  i 

I4-YR2 

Plmeas;  0.05  over 
1400  pts.  P2meas: 
-0.5  over  600  pts 

0.1 

0.65 

0,22 

P2meas  has  large  drift 

j 

1 

I5.YR2 

Pi:  -0.04  over 

3000  pts 

-0.01 

0.05 

NA 

NA 

Good  agreement 

M13.YR2 

I 

P2meas:  -0.06 

over  I400pts 

None 

0.5 

_ 

1 

NA 

Level  1  pressure 

missed  several  mooring  ex¬ 
cursions.  Use  P2meas  to 
simulate  pressures  of  levels 

1  and  3. 

# 
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Table  5.  Data  Sources  of  the  Top  Level  Temperatures,  Pressures, 
and  Velocities  used  in  the  Mooring  Motion  Correction 

Pressures  are  expressed  in  units  of  decibars.  Tlie  constant  offsets,  deipi  j  ami  deipi  i. 
were  used  to  simulate  P2  and  Pd  respectively  from  Pi  accordina;  to  F.iiuation-.  ip  and  17 
The  university  technical  group  tliat  prepared  each  mooring  i-.  inUjcared.  S»*e  'he  text  and 
.Appendix  E  for  furtiier  explanations  for  each  site. 

ri  =  Measured  K'liiperature  at  top  level 

r  I  =  Measured  velocity  at  top  level 

Pi  =  Measured  pressure  at  top  temperature 

PU  =  Pressure  at  top  velocity 

CMl  =  Top  level  is  level  1  current  meter 

CM2  =  Top  level  is  level  2  current  meter 

.ADCP  =  Top  level  temperature  is  .ADCP  (12  m  above  C.MlI 

Binl  =  Top  level  is  Bin  1  (9  m  above  .ADCP:  21  m  above  C.\fl ) 


year  1 

i 

.Mooring 

G  roup 

T1 

n 

PI 

delpl2 

delp  13 

PU-Pl 

G2 

CRI 

CMl 

CMl 

PCMl 

304 

2.03*304 

0 

Gd 

IRI 

CM! 

CMl 

PCMi 

306 

2.03*306 

0 

H3 

MI.AMI 

CMl 

CMl 

Pbinl+21 

PCMl-6 

306 

2.04*306 

0 

H4 

.MI.AMI 

CMl 

CMl 

Pbinl+21  +  10 

306 

2.03*306 

0 

Ho 

URI 

CMl 

CMl 

PCMl 

306 

2.03*306 

0 

12 

MI.AMI 

CMl 

C.Ml 

PCM  1-6 

305 

2.04*30.5 

0 

Id 

URI 

CMl 

CMl 

PCMl 

306 

2.03*306 

0  ! 

14 

URI 

CMl 

CMl 

PCMl 

308 

2.03*308 

0  I 

YEAR  2  1 

Mooring 

Group 

T1 

U1 

PI 

delp  12 

delpl3 

1 

PU-Pl 

G2 

URI 

CMl 

CMl 

PCMl 

306 

2. 03  *.306 

0 

G3 

URI 

CMl 

CMl 

PCMl 

306 

2.03  *.306 

0  1 

H2 

WHOI 

CMl 

CMl 

PCMl 

308 

2.04  *.308 

0  i 

H3 

MIAMI 

CMl 

CMl 

Pbinl+21 

306 

2.03*306 

0  I 

ADCP 

Pbinl 

Pbinl+9 

-9 

H4 

MIAMI 

CMl 

CMl 

PCM 1-6 

304 

2.03*304 

0 

H6 

WHOI 

CMl 

CMl 

PCMl 

309 

2.02*309 

0 

11 

WHOI 

CMl 

CMl 

PCMl 

309 

2.04*309 

0 

12 

.MIAMI 

ADCP 

Pbinl 

Pbinl+9 

306+12 

(2.04*306)+ 12 

-9 

13 

URI 

CMl 

CMl 

PCMl 

305 

2.02*305 

0 

14 

URI 

CMl 

CMl 

PCMl 

306 

2.04*306 

0 

15 

WHOI 

CMl 

CMl 

PCMl 

310 

2.02*310 

0 

M13 

URI 

CM2 

CM2 

PCM2 

-308 

1.03*308 

0 

Id 


3.2  STEP  1:  Determine  the  canonical  profile 


Hogg’s  mooring  motion  correction  method  reiies  upon  the  assumption  fiiat  'he  isotht^rm^ 
are  parallel  and  therefore  a  canonical  temperature  profile  exists,  Although  this  a.'Suniption  is 
generally  valid  below  16°C,  it  is  not  necessarilv  true  for  warmer  waters,  espprjallv  near  fo®(' 
Because  the  IG’^C  isotherm  is  typically  found  at  depths  above  the  uppermost  current  mer^r  ■  -100 
m)  across  most  of  the  Gulf  Stream,  this  assumption  is  nearly  valid  for  all  S'^’.N'OP  current  meter 
moorings.  Despite  this,  we  found  that  it  was  best  to  apply  different  profiles  to  the  northern 
and  southern  moorings.  To  create  these  profiles,  the  moorings  were  separated  iir  ■  two  groups. 
For  each  region,  the  data  were  then  strung  together  to  create  a  single  long  pi  time  series  and 
corresponding  time  series  of  temperature  for  all  three  levels.  .Additionally,  long  time  senes 
of  p2  and  p3  were  determined  according  to  Equations  16-17  using  representative  values  for 
delpl2  and  delpl3.  Separate  profiles  for  the  northern  and  southern  regions  were  subsequently 
determined  by  least  squares  regression.  (The  .M.ATL.AB  codes  are  given  in  Appendix  B.) 

Temperature  data  from  the  first  year  of  moorings  H3  and  13.  and  the  second  year  of  moorings 
H2.  II.  12.  and  H3  were  used  to  determine  the  northern  profile.  The  criteria  used  to  select  those 
sites  were  a.s  follows;  ( 1)  The  mooring  must  have  at  least  two  working  current  meters  (  Figure  3 
shows  the  data  recovery  for  each  current  meter).  (2)  The  separation  between  the  level  1  and 
level  2  current  meters  on  the  mooring  must  be  3070  kPa  ±  30  kPa.  and  it  must  be  6250  kPa 
±  50  kPa  between  the  level  I  and  level  3  instruments.  (3)  For  most  of  the  time,  the  mooring 
should  be  located  north  of  the  north  wall  but  not  in  the  recirculation  region.^  (4)  Changes  in 
the  canonical  profile  caused  by  the  inclusion  of  the  data  from  that  site  improves  the  motion 
corrected  data,  as  indicated  by  tests  such  as  those  described  below  in  Section  4.  The  northern 
profile,  shown  in  Figure  4,  is  a  7th  order  polynomial  whose  coefficients  are  listed  in  Table  6. 
The  data  on  moorings  H2,  H3,  II.  12  for  both  years,  and  the  first  year  of  data  on  moorings  G2 
and  13,  and  the  second  year  of  data  on  mooring  H4  were  corrected  using  the  northern  profile. 

Similarly,  the  temperature  data  from  year  I  of  moorings  H3,  14,  and  15,  and  data  from 
year  2  of  moorings  H3,  I4,  Ml3,  and  15  were  used  to  determine  the  southern  profile.  .Again, 
the  criteria  for  choosing  these  sites  were;  ( I )  The  moorings  must  have  at  lea^t  two  working 
current  meters.  (2)  The  separation  between  levels  1  and  2  must  be  3075  kPa  ±  50  kPa.  and 

^During  the  first  year,  the  H2  and  II  mootings  were  in  the  recirculation  region  and  their  data  has  been  exluded 
from  the  determination  of  the  northern  profile. 
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Figure  3:  Current  Meter  temperature  and  velocity  data  returns  during  the  two-year  deploy¬ 
ment  period  from  May  1988  to  August  1990.  The  four  symbols  indicate  the  data 
recovery  for  the  current  meters  at  levels  1-4  on  each  mooring,  where  the  left  symbol 
corresponds  to  the  level  1  instrument.  The  axes  labels  are  in  kilometers  from  the 
origin  at  38“N,  68“W,  with  the  x-axis  rotated  to  be  oriented  along  OT.^^T. 
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Figure  4: 


Northern  and  Mid- stream /Sou them  canonical  temperature  profiles,  T  =  F{:],  where 
^  =  Pre/  -  P- 
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Table  6.  Coefficients  for  the  Northern  and  Southern  Canonical  Profiles. 

The  southern  profile  is  a  9th  order  polvuoniial  in  .  where  ;  =  p..t  ~  p  >  i!i  F\'i  i.  Th** 

profile  is  a  7th  order  polynomial.  The  coefficients  were  found  by  lea.-3t  ^ei^re^^l•ui 

The  zeroth  order  coefficient  was  set  to  be  1'2.  Thus  when  p  =  p~,j.  F  =  H 


n  Southern  Profile  Northern  Profile 
Coefficients  Coefficients 


9  -2.2649 17'^e-OS 

8  —  9..i2o466.5e— 07 

7  -8.4.5 16.302e-06 

6  7.9955372e-05 

5  1.267761.36-03 

4  -1.8511.3016-03 

3  -6.773350.5e— 02 

2  -1.0571906e-03 

1  2.4092789e-i-00 

0  12 


O.OOOOOOOe-00 

O.OOOOOOOe+00 

6.996.5043e-06 

1.8593.337e-04 

1.1301407e-03 

-7..509.3500€-03 

-8.514657.5e-02 

6.15212486-02 

2.6986492e+00 

12 
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between  levels  1  and  3  it  must  be  b240  ±  30  l<Pa.  (3)  The  mooring  must  gpiifrally  be 
either  mid-stream  or  on  the  southern  side  of  the  north  wail,  (d)  Tlie  inclusion  of  the  data  from 
that  site  to  define  the  profile  enhances  the  overall  motion  correction  as  indicated  o’.-  riu'  tests 
described  in  Section  4.  For  example,  although  mooring  H3  was  corrected  using  the  northern 
canonical  profile,  it  wa.s  found  that  the  inclusion  of  H3  in  determining  the  southern  ranoitica! 
profile  helped  improve  the  correction  of  moori  .gs  13  and  .M13.  The  southern  profile,  ihown  in 
Figure  4,  was  used  to  correct  both  years  of  data  from  moorings  G3.  H6.  I4.  15.  and  the  first 
year  of  data  from  H4  and  Ho.  and  the  second  year  of  data  from  moorings  G2.  M13.  and  13. 
The  coefficients  for  the  southern  profile,  a  9th  order  polynomial,  are  listed  in  Table  6. 

3.3  STEP  2:  Correct  the  temperature  data  on  a  given  mooring 
3.3.1  STEP  2a;  Determine  reference  pressure 

The  first  step  in  correcting  the  temperature  is  to  determine  the  reference  pres.sure.  pr^/- 
The  reference  pressure  is  defined  as  the  pressure  of  the  12°C  isotherm,  as  specified  by  the 
zeroth  order  coefficients  of  the  northern  and  southern  profiles  (Table  6).  We  solve  for  p,,/  by 
minimizing  J2k-ii^k-f(pre/-pk)i  for  the  temperature  and  pressure  (T.p)  measurements  at  the 
two  or  three  (N)  current  meters  on  each  mooring.  The  polynomial  T  =  F(pref  -  p)  is  specified 
to  be  either  the  northern  or  southern  profile,  depending  on  the  criteria  listed  previously.  The 
minimization  is  performed  for  each  sample  period,  producing  a  time  series  of  p,t/  for  each 
mooring.  How  well  this  minimization  procedure  works  for  each  mooring  can  be  a.scertained  by 
the  plots  of  measured  temperatures  versus  prej  -  p  shown  in  .Appendix  C. 

There  were  a  few  moorings  which  required  special  treatment.  The  top  current  meter  on 
mooring  r2-YR2  failed;  this  is  a  critical  instrument  for  determining  prej  because  it  was  located 
in  the  high  gradient  portion  of  the  canonical  profile.  Fortuitously,  there  was  a  working  .\DCP 
located  12  m  above  the  current  meter.  Thus  we  were  able  to  use  the  .-VDCP  temperatures  and 
pressures  for  the  regression  to  determine  pre/-  .\t  two  other  sites.  H4-YR1  and  G2.YR2.  the 
moorings  had  only  one  working  temperature  sensor,  making  it  impossible  to  determine  p,./  by- 
regression.  However  we  were  able  to  obtain  pre/  at  those  sites  from  a  different  data  source.  .\s 
part  of  the  Central  Array.  lESs  were  located  near  the  base  of  each  mooring.  The  lESs  measure 
the  depth  of  the  thermocline  as  indicated  by  the  12°C  isotherm.  Thus,  the  Z12  measured  by  the 
lESs  is  equivalent  to  the  reference  pressure  (after  taking  into  account  the  unit  conversions  from 
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depth  to  pressure.  pr,f  =  L.Ol  «  Zi>)  because  by  definition.  T  =  12  when  p  =  p,./.  l{owe'v*'r. 
there  was  a  2-5  km  distance  .separating  the  current  inoonugs  and  the  IF.Ss.  I  liir.  -eparatioi;  was 
considered  too  far  to  use  the  lES  Z12  measurements  directly  in  the  mooring  motion  corrwtion. 
Instead,  we  interpolated  objectively-analyzed  maps  of  Zn  (Tracey  and  Watts.  1991)  to  obtain 
time  series  of  right  at  the  two  mooring  sites.  .\t  mooring  Hd.YRl.  a  -.econd  current  meter 
worked  for  half  of  the  deployment  year.  Thus  we  were  able  to  obtain  a  partial  record  of  p~,/ 
by  regressing  the  current  meter  data.  comparison  of  the  regressed  pr.f  to  that  of  the  lES 
revealed  a  bias  of  10  db  between  the  records.  Thus  in  order  to  make  the  records  consi-^tent. 
the  10  db  offset  was  added  to  the  Pbinl  pressures  record  of  site  H4-YR1  before  correcting  the 
temperatures. 

Not  only  did  we  interpolate  the  lES  maps  to  sites  H4.YR1  and  G2.YR2.  we  also  interpolated 
them  to  obtain  Z12  records  at  all  the  moorings.  Plots  of  Pre/.  determined  from  the  current 
meters  and  scaled  into  depth  in  meters,  are  shown  together  with  the  Z12  records  from  the  lESs 
in  .Appetidi.x  D  for  all  the  moorings.  The  agreement  between  the  two  types  of  records  is  quite 
good,  with  rms  differences  between  the  two  records  generally  less  than  25  m. 

3.3.2  STEP  2b:  Correct  the  temperature  data 

Once  prir/  is  obtained  for  a  given  mooring,  the  temperatures  at  the  desired  pressure  levels 
can  be  de'^ermined  by  using  Hogg's  method  (Equation  3)  and  specifying  the  appropriate  canon¬ 
ical  profile.  However  we  modified  Hogg's  method  slightly  by  using  a  weighted  average  of  fhe 
temperature  correction  from  the  two  nearest  temperature-pressure  pairs,  (r^.p.^j  and  {T;.pi). 
That  is. 


T^cor  — 

1  IS) 

where. 

Tu  = 

“  Pnom  )  ( Pu )  “  ”  Pu)] 

1  19) 

and, 

Ti  = 

^(Pr-/  -  Pnom)  +  [^(p/)  -  f(Pre/  ”  Pt)] 

:20) 

while. 

ICu  = 

'Pt  ~  Pnoml 

1  ■>  I  i 

\Pnom  Pui  iPnom  "■  Pt\ 

and. 

Wl  = 

'Pnom  ~  Pul 

IPnom  ■“  Pul  4-  iPnom  ~  P/| 

■  *-  Z  } 

The  weights  sum  to  1  and  are  linearly  proportional  to  the  pressure  differences  of  the  measure¬ 
ments  away  from  Pnom'-  the  %  and  7/  differ  from  T^om  =  FiPrtf  -  Pnom)  by  the  measured 


temperature  differences  at  the  respective  ieveh.  This  modification  forces  ,  (,rrecre.i  -.eioi.-r, 
ature  to  smoothly  approach  and  agree  uirli  r'le  measured  ternperarure  '.cie-n  '.he 
pressure  approaches  and  equals  the  nominal  presume;  i.e.  when  p  =  /;„  .  /  ,  =  I 

On  the  moorings  not  used  to  determine  the  canonical  profiles  ■  .A.[)pe!id!,v  h  .  e  po-oide 
for  the  current  meters  to  be  deeper  or  shallower  than  the  canonical  profile,  i.e.  ►ether  ~  p._ 
or  pref  -  Pi  lies  beyond  the  range  for  which  the  polynomial  T  =  Fip.,i  -  pi  ha.'  been  de!i!ie<i. 
Under  those  conditions,  the  temperatures  are  not  corrected  using  Equation  1''.  but  ui'tead  are 
corrected  using  Equation  3.  where  =  flp—/  -  Pnom')-  P--.'  -  Pum  is  also  be'.oud  'he 
range  of  the  canonical  profile,  then  the  temperature  cannot  be  corrected.  The  pres.sure  rauaes 
for  the  northern  and  southern  profiles  can  be  found  m  the  first  column  of  Table 

3.4  STEP  3:  Correct  the  velocity  data 

To  correct  the  velocity  data  of  a  given  current  meter,  the  data  from  two  nearest  current  me¬ 
ters  are  used.  These  current  meters  are  selected  based  on  their  temperatures-,  the  ones  closest  in 
temperature  to  the  corrected  temperature  are  chosen.  First,  the  velocities  are  decomposed  into 
cross-stream  and  downstream  components  as  in  Equation  4.  Next,  the  downstream  component 
is  linearly  interpolated  to  the  corrected  temperature  according  to  Equation  13.  Subsequently, 
the  cross-stream  component  is  added  back  to  the  corrected  downstream  component  to  ob¬ 
tain  the  corrected  velocity  (Equations  6  and  1.5).  Note  that  with  our  modification  to  Hogg's 
temperature  correction,  if  one  of  the  current  meters  is  at  the  nominal  pressure,  the  corrected 
temperature  is  the  measured  temperature  and  the  corrected  velocity  is  the  measured  veiocitv. 
If  the  current  meter  is  not  at  the  nominal  pressure,  the  corrected  velocity  is  a  smoothly  varying 
function  between  the  two  measurements. 

If  the  temperature  sensor  on  a  given  current  meter  did  not  work,  the  mooring  motion 
temperature  correction  scheme  was  used  to  simulate  temperature  data  at  the  current  meter's 
observed  pressure.  Subsequently,  the  simulated  temperature  was  used  as  either  T{pi  )  or  Tip,.  > 
in  Equation  13  to  correct  the  measured  velocities.  If  there  was  only  one  velocity  measurement 
among  the  upper  three  levels,  the  deep  (3500  m  level)  velocity  and  temperature  me«.surpm»*nts 
were  used  as  {T{pi),u{pi).v{pi))  in  Equation  13. 

On  moorings  r2.YR2  and  H3.YR2.  no  velocity  data  were  obtained  by  the  level  1  current 
meters.  However,  we  were  able  to  use  the  .A.DCP  Bin  I  velocities  to  fill  those  gaps.  To  correct 
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the  ADCP  '.e;ocitie-v  ro  'iie  lujtiun.U  ie^ei  arcorduiij  to  Ehjuat.on  ;  i.  ’  u<‘  \ 

peratures  first  had  to  be  corrected  to  '!ie  Bin  1  h".ei,  lr>carf‘(j  m  above  ?iir  ViX  d'  'o' r  iic.-n’ 

itself. 

\  siiiiiitiarv,  inoi^raiij' ^n  •  niut'ruie.  '>!  ad  tie'  :nO(,ir:rie  :te.»r,o!i  coiiiot  ;. .a  oti e  ec 
iiven  ;a  Ai>;'e:,dix  P  The  r.vcrected  reniperatare  aiei  veiucitv  data  are  oiowii  o;  \;ipe!,e,v  f 

4  Tests  of  the  Corrections 

We  now  present  the  results  of  extensive  testinii;  tliat  show  that  tins  correi  tioi!  -('nenie  is 
very  robust.  In  particular,  two  tests  will  be  liiscussed.  The  first  test  e.xaniines  tpe  abiii’v  of 
the  correction  scheme  simulate  data  bv  interpolating  between  two  current  meters,  and  :h<= 
second  test  evaluates  extrapolation.  Each  test  vvas  applied  to  both  a  northern  mooring  ill,,  and 
a  soutiiern  moorini  .lE-'t’R-i;  these  mooring',  werf*  selected  because  all  three  current  m»>ters 
worked  properly. 

For  'Test  1',  level  I  and  level  ]  current  meters  are  used  to  interpolate  to  level  2.  which  is 
approximately  300  m  awav  from  eirlier  input.  The  simulated  level  2  current  meter  temperature 
and  velocity  data,  as  well  as  covariances  and  heat  fluxes,  are  then  compared  to  the  directly- 
measured  level  2  data.  The  comparisons  are  shown  m  Figure  5  and  the  rms  errors  are  listed  in 
Table  7.  The  simulated  and  observed  velocities  exhibit  rms  differences  of  under  6  cm  5~'. 
which  is  quite  small  considering  the  large  bOO  m  distance  between  the  level  1  and  level  3  current 
meters. 


.\n  even  more  rigorous  test  involves  an  extrapolation.  For  Test  2'.  level  2  and  level  3 
current  meters  are  used  to  e.xtrapolate  up  to  level  1.  .Again,  the  simulated  level  1  temperature 
and  velocity  data,  as  well  as  covariances  and  heat  fluxes,  are  then  compared  to  the  measured 
level  I  currenr  meter  data.  The  simulated  and  the  observed  time  series  are  shown  in  Figure  6 
and  the  rms  errors  are  listed  in  Table  7.  The  velocities  for  the  northern  mooring  have 
rms  differences  of  under  8  cm.  while  those  for  the  southern  mooring  are  twice  as  large.  The 
larger  errors  for  the  southern  mooring  can  be  attributed  to  the  deeper  and  more  frequent 
vertical  excursions  taken  by  the  mooring  because  it  was  located  in  a  higher-velocity  region  of 
the  current.  Considering  the  large  extrapolation  distances  (the  level  1  current  meter  is  300  m 
and  fiOO  m  away  from  the  level  2  and  level  3  instruments,  respectively)  the  observpd  <mrors  are 
small  and  indicate  that  the  correction  scheme  is  robust. 
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Consecutive  Day 

II  YR1&:YR2:  Use  CMl  and  CM3  to  simulate  CM2 

Figure  5a:  Results  of  mooring  motion  correction  Test  1  (interpolation  by  300  m)  on  a  north¬ 
ern  mooring  (II).  Solid  lines  are  direct  measurements  at  level  2:  dashed  lines  are 
estimated  u.  v.  and  T. 


0.00 


Figure  ob:  Game  as  Figure  5a,  except  for  u'u\  u'v\  v\^\  T'T\  u^T\  and  v'T'. 
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Figure  5c;  Results  of  mooring  motion  correction  Test  1  (interpolation  by  300  m)  on  a  mid- 
stream/southern  mooring  (I4-\'R'2).  Solid  lines  are  direct  measurements  at  'evel  2; 
dashed  lines  are  estimated  u.  >\  and  T. 
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Table  7.  Root-mean-square  Error 
Between  Measured  and  Simulated  Data 
for  Tests  1  and  2. 

Each  test  was  run  for  both  a  northern  mooring.  II.  and  a  mid-st  ream /sou  them  mooring. 
I4-VR2.  Test  1  uses  current  meters  at  level  1  and  3  to  interpolate  to  level  2.  Test  2  uses 
current  meters  at  level  2  and  level  3  to  extrapolate  to  level  1.  L'nits  of  velocity  are  m  s~'. 
Temperature  unui  are  °C.  Figure  4  shows  the  observed  and  simulated  time  series  of  each 
test. 


.N’orthern  Mooring 
Site  11 

.Mid/Southern  Mooring  j 
Site  I4-YR2  ’ 

Test  1 

Test  2 

Test  1 

Test  2 

err(T): 

0.'2 

0.6 

0.7 

0.9 

err(  u): 

0.01 

0.08 

0.06 

0.16  j 

err(v): 

0.02 

0.07 

0.05 

0.14  I 

err(  u'u'); 

0.007 

0.068 

0.050 

0.231  1 

err(  u'v' ): 

0.003 

0.034 

0.024 

0.117  1 

err(v'v'): 

0.004 

0.040 

0.028 

0.181 

err(T'T'): 

1.0 

3.7 

4.  / 

6.9 

err(u'T'): 

0.037 

0.340 

0.265 

0.699 

err(  v'T'): 

0.040 

0.286 

0.168 

0.4  (  1 
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Consecutive  Day 

II  YR1&:YR2:  Use  CMS  and  CMS  to  simulate  CMl 


Figure  6a:  Results  of  mooring  motion  correction  Test  2  (extrapolation  by  300  m)  on  a  north¬ 
ern  mooring  (II).  Solid  lines  are  direct  measurements  at  level  1;  dashed  lines  are 
estimated  «,  v.  and  T . 
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Figure  6b:  Same  as  Figure  6a.  except  for  u'u'.  u'v'. 
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Consecutive  Day 

14  YR2:  Use  CM2  and  CMS  to  simulate  CMl 


Figure  6c:  Results  of  mooring  motion  correction  Test  2  (extrapolation  by  300  m  i  on  a  mid- 
stream/southern  mooring  (I4.VR2).  Solid  lines  are  direct  measurements  at  level  1: 
dashed  lines  are  estimated  u,  r.  and  T. 
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Figure  6cl:  Same  as  Figure  6c.  except  for  u'u'.  u'u'.  v’v'.  T'T' .  u'T' .  and  -T' 


These  tests  are  very  strenuous  compared  to  the  typical  vertical  distances  used  for  corrtu'uag 
the  temperature  and  velocity  data  for  mooring  motion.  Most  observed  vertical  excursions  of 
the  current  meters  required  interpolations  or  extrapolations  of  less  than  50  m  ro  put  the  data 
onto  the  desired  pressure  horizons. 

Our  tests  show  that  the  method  works  sufficiently  well  that  data  can  be  simulated  at  any 
of  the  three  levels  when  one  of  the  current  meters  failed.  Figure  .3  shows  that  most  of  the 
instrument  failures  in  the  Central  .\rray  were  at  level  2.  Therefore  using  the  mooring  motion 
correction  scheme  to  interpolate  to  level  2.  the  associated  errors  for  those  moorings  will  be 
similar  to  the  errors  presented  for  Test  1.  In  addi'  m.  several  of  the  level  1  current  meters 
had  gappy  or  short  velocity  records;  they  include  sites  G3-YR1.  H4.YR2.  I3-YR2.  and  I5.YR2. 
Thus  for  those  moorings,  the  velocity  and  covariance  errors  at  400  m  during  the  gappy  periods 
will  be  on  the  order  of  those  described  in  Test  2.  Because  the  Hogg  (1991)  mooring  motion 
correction  method  works  so  well,  these  data  gaps,  although  unfortunate,  are  not  as  troublesome 
as  might  have  been  feared. 


5  Error  Estimations  of  the  Motion  Corrected  Data 


5.1  Estimating  the  error  in  T.-o, 

Errors  associated  with  the  corrected  temperatures  arise  from  both  errors  in  the  temperature 
measurements  and  errors  in  the  reference  pressure.  The  error  in  Tear  also  depends  on  how  the 
correction  was  determined,  either  by  using  either  Equation  3  for  one  working  instrument  or 
Equation  18  for  two  instruments. 

When  there  is  only  one  working  current  meter  on  the  mooring,  the  corrected  temperature  is 
Tear  =  Fiprtf  -  Pnom)-  In  this  case.  the  correction  error  is  predominantly  due  to  the  scatter  of 
the  observed  temperature- pressure  pairs  on  the  canonical  profiles,  erfipr^f  -  Pnom)-  However, 
the  measurement  errors  also  cause  a  small  error  in  the  daily  reference  pressure  which  in  turn 
affects  the  corrected  temperatures.  Thus,  the  total  temperature  error  is: 


err(Tcor)  =  errlF) 


OFiPrtJ  -  Pnom)^  + 


OF 


dpref 


err{p,.gf] 


I  23) 
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t're /  "“Pnom 
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The  term  crpiprf/  -  p)  is  the  standard  deviation  envelope  of  observed  temperatures  around 
canonicaJ  profile.  Table  8  lists  the  observed  scatter  as  a  function  of  pressure  for  both  the 
northern  and  southern  profiles.  The  derivative  ■,  — - .  can  be  computed  analvticallv  in  a 

^  'Vre! 

Straightforward  manner  because  the  canonical  profiles  are  modeled  as  polynomials.  However, 
estimating  the  error  in  the  reference  pressure,  err(prgf)  is  not  straightforward  and  is  discussed 
in  Section  5.2. 

When  there  are  at  least  two  current  meters  working  on  the  mooring,  then  the  tempera¬ 
ture  correction  can  be  computed  according  to  Equations  18-22.  .\ccordingly.  the  error  in  the 
corrected  temperature  is: 


€rr{Ta 


(wl  +  wf)eTr{Tf  -I-  wl{<Tp{prgj  -  Pnom)  -  (^FiPrtJ  -  p^)f  + 
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dpu  “  5pu  V 
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The  errors  of  the  temperature  and  pressure  observations  are  err{T^)  =  err{Ti)  =  err{T) 
0.03°C  and  err(pu)  =  err(pi)  =  err(p)  ~  5  db,  respectively.  The  derivative  terms  can  be 
computed  analytically  from  Equations  2  and  21-22. 

Typical  values  of  €Tr{Tcar)  for  all  three  levels  are  0.14-0.17‘’C.  The  highest  errors  of  0.27°C 
were  estimated  for  the  700  m  level  at  site  G2.YR2. 


5.2  Estimating  errfp^e/) 

The  daily  pre/  is  found  by  fitting  the  (  F.p)  measurements  from  the  working  current  meters 
on  a  mooring  to  the  canonical  profile  T  -  F{pref  -  p). 
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Table  8a:  RMS  Error  between  the  Observed  Temperature 
and  the  Northern  Canonical  Profile  Temperature 

The  temperature  scatter  is  listed  as  a  furiction  of  -  P-  The  units  of  p-,.-  -  p  are  1000  kPa.  The 

units  of  the  temperature  scatter  are  “C.  The  scatter  is  computed  everv  20  m  using  NPTS  >  T.pi  ® 

observations.  This  table  was  created  using  Matlab  code  tenv.m.  listed  in  .\ppendi.x  B. 
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i  PreJ  -  P 

i 

scatter 

.\PTS 

-10.5299 

0.2 1 37 

3 

-10.3299 

0.1216 

1 

-10.1299 

0.1730 

4 

-9.9299 

0.1805 

8 

-9.7299 

0.1408 

7 

-9.5299 

0.0927 

13 

-9.3299 

0.0609 

20 

-9.1299 

0.0659 

39 

-8.9299 

0.0528 

95 

-8.7299 

0.0526 

1.32 

-8.5299 

0.0513 

142 

-8.3299 

0.0469 

172 

-8.1299 

0.0.552 

132 

-7.9299 

0.0690 

134 

-7.7299 

0.0565 

128 

-7.5299 

0.0515 

133 

-7.3299 

0.0526 

108 

-7.1299 

0.0625 

90 

-6.9299 

0.0792 

67 

-6.7299 

0.08.54 

73 

-6.5299 

0.0895 

76 

-6.3299 

0.0911 

62 

-6.1299 

0.1141 

60 

-5.9299 

0.0883 

86 

-5.7299 

0.0693 

129 

-5..5299 

0.0879 

164 

-5.3299 

0.0800 

167 

-5.1299 

0.0719 

194 

-4.9299 

0.0713 

154 

-4.7299 

0.0974 

143 

-4.5299 

0.1181 

150 

-4.3299 

0.1078 

132 

-4.1299 

0.1488 

126 

-3.9299 

0.1427 

102 

-3.7299 

0.1448 

76 

-3.5299 

0.1582 

75 

-3.3299 

0.1812 

83 

-3.1299 

0.2466 

73 

Pr,f  -  P 

scatter 

.\PTS 

-2.9299 

0.2268 

71 

-2.7299 

0.1914 

110 

2.5299 

0.1668 

157 

-2.3299 

0.1960 

160 

-2.1299 

0.2029 

190 

-1.9299 

0.1420 

129 

-1.7299 

0.1212 

132 

-1..5299 

0.1673 

138 

-1.3299 

0.1355 

145 

-1.1299 

0.1222 

115 

-0.9299 

0.08.55 

107 

-0.7299 

0.0726 

72 

-0..5299 

0.0670 

79 

-0.3299 

0.0807 

73 

-0.1299 

0.0792 

63 

0.0701 

0.1282 

64 

0.2701 

0.1459 

47 

0.4701 

0.1364 

46 

0.6701 

0.1907 

42 

0.8701 

0.2519 

45 

1.0701 

0.23.50 

43 

1.2701 

0.2576 

23 

1.4701 

0.3842 

21 

1.6701 

0.2793 

29 

1.8701 

0.3329 

20 

2.0701 

0.2490 

34 

2.2701 

0.1690 

29 

2.4701 

0.1359 

28 

2.6701 

0.1391 

16 

2.8701 

0.2021 

11 

3.0701 

0.2497 

13 

3.2701 

0.2273 

13 

3.4701 

0.2089 

8 

3.6701 

0.1109 

9 

3.8701 

0.0778 

8 

4,0701 

0.0635 

14 

4.2701 

0.1281 

3 
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Table  Sb:  RMS  Error  between  the  Observed  Temperature 
and  the  Southern  Canonical  Profile  Temperature 

The  temperature  scatter  is  listed  as  a  function  of  -  p.  The  units  of  -  /i  are  1000  kPa. 
units  of  the  temperature  scatter  are  The  -catter  is  computed  every  20  m  U'ing  NPTS  .  7 
observations.  This  table  '.vas  created  usine  Matlab  code  tenv.m,  listed  in  .Xypendix  B. 
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scatter 
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t 
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0.0957 
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i  -1.5271 

0.2575 
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-9..5271 

0.08-56 

2 

j  -1.3271 

0.3864 

254  ) 

-9.3271 

0.05.55 

6 

i  -1.1271 

0.3581 
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-9.1271 

0.0740 

16 

1 

-0.9271 

0.2965 

i  42 

-8.9271 

0.1429 

15 

i 

-0.7271 

0.1,896 

122  : 

-8.7271 

0.1104 

34 

-0..5271 

0.1184 

83 

-8.5271 

0.1077 

46 

J 

_  i 

! 

-0.3271 

0.1200 

82 

-8.3271 

0.1038 

59  i 

-0.1271 

0.1.327 

74  ; 

-8.1271 

0.0931 

59  1 

0.0729 

0.1809 

93  i 

-7.9271 

0.0960 

78  : 

j 

0.2729 

0.2083 

79 

-7.7271 

0.0735 

76 

1 

1 

1 

I 

0.1729 

0.2465 

83 

-7..5271 

0.0785 

49 

1 

j 

0.6729 

0.3151 

71  : 

-7.3271 

0.0825 

51 

0.8729 

0.2905 

100 

-7.1271 

0.1025 

31 

1 

i 

1.0729 

0,3616 

124 

-6.9271 

0.0924 

31 

1.2729 

0.4376 

141 

-6.7271 

0.0883 

37 

1.4729 

0.37.36 

193 

-6.5271 

0.1069 

32 

1 

1.6729 

0.3330 

234 

-6.3271 

0.1195 

31 

1.8729 

0.6147 

150 

-6.1271 

0.1268 

47 

2.0729 

0.6546 

86 

-5.9271 

0.1288 

53 

2.2729 

0.5602 

56 

-5.7271 

0.1328 

47 

2.4729 

0.4221 

56 

-5.5271 

0.1088 

68 

2.6729 

0.4057 

44 

-5.3271 

0.1028 

95 

2.3729 

0.2985 

56 

-5.1271 

0.1087 

129 

3.0729 

0.3170 

51 

-4.9271 

0.1254 

179 

3.2729 

0.2745 

51 

-4.7271 

0.1258 

139 

3.4729 

0.2316 

55 

-4..5271 

0.1802 

132 

3.6729 

0.2940 

46 

-4.3271 

0.2028 

99 

3.8729 

0.2476 

62 

-4.1271 

0.2171 

103 

4.0729 

0.2165 

97 

-3.9271 

0.2054 

76 

4.2729 

0.2094 

103 

-3.7271 

0.2146 

79 

4.4729 

0.1817 

142 

-3.5271 

0.2568 

81 

4.6729 

0.18.59 

206 

-3.3271 

0  2875 

87 

4.8729 

0.1786 

162 

-3.1271 

0.3615 

95 

5.0729 

0.2318 

79 

-2.9271 

0.3240 

105 

5.2729 

0.2207 

67 

-2.7271 

0,3.546 

102 

5.4729 

0.1970 

40 

-2..5271 

0.4385 

112 

5.6729 

0.2276 

16 

-2,3271 

0.3276 

147 

5.8729 

0.2070 

5 

-2.1271 

0.3019 

212 

1  5.8729 

0.2070 

5 

-1.9271 

0.3691 

■256 

j  6.2729 

0.5220 

1 

-1.7271 

0.3309 
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Note  that  'ill-,  derivative  is  defined  only  for  -1  <  arg  <  1  Because  the  observed  temperatures 
aerf  sometimes  different  than  the  canonical  profile,  values  of  arg  that  were  less  than  or  equal 
‘o  -1.  were  repiared  hv  -0.99.  Likewise,  values  of  arg  greater  than  or  equal  to  I  were  replaced 
o>  *0  99 


^'alues  of  frrfp.^,,  for  all  three  levels  ranged  between  0.042  kPa  and  0.10  kPa.  The  mean 
•  aiue  for  ail  sites  was  0.061  kPa. 

0.3  Estimating  the  error  in  T  ., 

The  error  in  the  '•orrected  velocitv  ('  .  depends  on  ti)  the  measurement  error  ern  F  --  2 
■m  s'*  a  1  'he  error  in  the  corr-- ted  temperature,  err*  Tj, ),  vvhich  was  discussed  above,  ,  hi  i 
'he  error  in  the  angle  r,(  rhe  shear,  err  t^i  "i’’.  an  '  mvi  the  error  in  the  assumption  that  the 


change  in  the  velocity  shear  is  proportional  to  the  change  in  the  temperature,  The 

error  in  m  depends  upon  whether  the  velocity  correction  is  an  interpolation  or  an  e\trapoia!iO!i 
For  interpolation  where  >  T^-^r  >  T,,  we  found  >.vr(  rrj )  0.01.  Otherwise,  cm  m  i  0.02. 

Assuming  these  errors  are  independent. 


err(Ucor) 


The  partial  derivatives  can  be  determined  by  examining  Equation  14. 


Mean  err(Ucor)  values  of  0.02  m  s"'  were  obtained  for  all  moorings  except  three  (sites 
G3.YR1.  I3-VR1,  and  G3-YR'2)  where  the  mean  errors  were  0.1.5-0.17  m  s"‘. 


6  Useful  Py-products  of  the  Correction  Scheme 

The  canonical  profile  can  be  exploited  in  a  variety  of  ways  to  obtain  additional  data 
products. 

6.1  The  Pseudo-IES 

Because  the  canonical  profile  is  represented  by  a  Nth  order  polynomial  whose  zeroth 
order  coefficient  is  set  to  be  12°C,  the  reference  pressuie  is  the  pressure  of  the  r2°C  isotherm. 
Tip  =  Prej)  =  T’(O)  =  r2°C.  Furthermore,  the  reference  pressure  can  be  divided  by  a  factor  of 
1.01  to  convert  pressure  into  depth  in  meters.  Thus  we  can  obtain  a  time  series  of  the  depth  of 
the  r2'’C  isotherm  at  the  current  meter  site. 

This  is  the  same  meajurement  obtained  by  the  lESs  which  were  also  deployed  in  the  Central 
Array.  .As  discussed  in  Section  2.3.  we  used  the  lES  Zn  records  as  p,*/  for  two  sites  when  several 
current  meters  on  those  moorings  failed.  Likewise,  the  moorings  can  be  used  cis  “pseudo- IES"s 
to  help  map  the  thermocline  topography  wiiore  the  lESs  failed.  Appendix  D  show  comparisons 
of  the  Z\2  measurements  from  lESs  and  pseudo-IESs  at  all  the  mooring  sites.  Typically,  the 
rms  differences  between  the  two  time  series  are  under  25  m,  which  is  less  than  the  error  of  the 
objectively  mapped  lES  Z12. 


6.2  Computing  the  Mean  Stratification 


Because  the  SYN’OP  moorings  were  arranged  along  lines  approximately  perpendicular  to 
the  mean  Gulf  Stream  path,  the  mean  tempt^ratnre  profiles  at  each  mooring  along  a  line  can 
be  contoured  into  a  Eulerian  mean  temperature  cross-section.  Figure  7  ■>hows  both  Mie  year  1 
and  year  2  mean  temperature  cross-sections  along  the  I  line  I  near  b8°U'  i 

Furthermore,  because  the  canonical  profile  has  an  analytical  form,  the  Brunt- V'aisalla  fre¬ 
quency,  =  9^^  (where  oi  =  and  the  overline  indicates  a  time  average'  can  be 

computed  simply  as: 

_  .v-i 

.V'2  =  go  ^  (.V 1  -  rt)  Cn  {Pr-/  - 

n  =  1 

The  year  1  and  year  2  mean  stratification  cross-sections  along  the  I  line  are  shown  in  Figure  8. 


7  Summary 

Hogg  (1991)  provides  a  robust  mooring  motion  correction  method.  We  made  a  slight 
modification  to  his  method  however,  by  using  a  weighted  average  of  the  corrections  of  the  two 
nearest  temperature  measurements.  This  revision  allows  the  corrected  temperature  to  equal 
the  measured  temperature  when  current  meter  is  at  the  nominal  pressure. 

The  tests  discussed  in  Section  4  show  that  even  when  there  were  only  two  working  current 
meters  on  a  mooring,  the  temperature  and  velocity  measurements  could  be  ’corrected'  to  all 
three  nominal  levels. 

A  feature  of  this  method  is  that  it  uses  the  uncorrected  data  to  create  the  canonical  profiles 
and  reference  pressure.  Thus,  this  scheme  provides  a  method  of  correcting  temperature  and 
velocity  data  for  mooring  motion,  even  in  the  absence  of  historical  data  sets. 

Because  of  the  wealth  of  data  in  the  SYNOP  Central  .A.rray.  other  types  of  measurements 
could  be  incorporated  into  the  correction  scheme  to  improve  the  velocity  and  temperature 
corrections.  Specifically,  ADCP  pressure  measurements  were  used  whenever  possible,  because 
they  could  be  verified  by  independent  acoustic  calculations  of  the  depth.  Additionally,  the 
ADCP  temperatures  and  Bin  1  velocities  were  used  whenever  possible  to  fill  data  gaps  left 
by  the  current  meters.  Furthermore.  lES  Z12  data  were  used  as  the  reference  pressures  for 


depth  (rn)  depth  (in) 


deplh  (m)  depth  (rri) 


moorings  that  had  only  one  of  the  upper  level  current  meters  functioning  properh. 

Finally,  we  have  also  noted  that  the  moorings  can  be  used  as  pseudo- lESs.  We  have  aireadv 
done  this  by  incorporating  their  p„{  records  into  our  objective  maps  of  the  thermocline  field. 
The  inclusion  of  these  current  meter  data  into  the  lES  maps  sharpened  the  thermocline  gradients 
and  improved  the  maps  in  regions  where  there  vvere  no  lES  measurements. 

Altogther.  Hogg's  (1991)  mooring  motion  correction  scheme  allows  the  lES  and  current 
meter  data  to  be  mutually  beneficial. 


Acknowledgements 

We  thank  N’elson  Hogg  for  generously  sharing  with  us  his  mooring  motion  correction  Matlab 
code. 

The  SYNOP  Experiment  was  supported  by  the  Office  of  Naval  Research  under  contract 
numbers  N00014-90J-1368  and  N00014-90J-1548  and  the  National  Science  Foundation  under 
grant  number  OCE97- 17144. 


References 

Hogg,  N.  G..  1991.  Mooring  Motion  Corrections  Revisited.  J.  .4(mos.  Oceanic  Technol.. 
S,  289-295. 

Shay,  T.J..  S.  Haines.  J.  M.  Bane,  and  D.  R.  Watts,  1993.  SYNOP  Central  .\rray  current 
meter  data  report; Mooring  period  May  1988-Septeraber  1990.  Univ.  North  Carolina  Technical 
Report. 

Tracey,  K.  L.  and  D.  R.  Watts.  1991.  The  SYNOP-Experiment.  Thermocline  depth  maps  for 
the  Central  Array,  October  1987  to  .August  1990.  Ciuvl  Rhode  Island.  GSO  Technical  Report 


Appendix  A:  ADCP  Temperature  Evaluations 


Due  to  differences  in  the  calibration  procedures,  we  believe  the  absolut<^  remperatur<"s  ol 
the  level  1  current  meter  (Tl)  but  not  those  of  the  ADCP  {T,\dcp)-  However,  we  know  that 
in  j^.neral  Tadcp  should  be  approximately  0.2  -  0.25’’C  warmer  than  71  since  the  ADCP  was 
located  12  m  above  the  current  meter.  This  is  based  on  a  typical  tliermocline  gradient  of 
PC  for  48  -  60  m.  Since  these  sites  were  located  in  the  northern  portion  of  the  array  where  the 
thermocline  is  frequently  shallow,  the  .ADCPs  (at  roughly  400  m  depth)  were  sometimes  below 
the  thermocline  in  colder  water.  In  those  cases,  we  might  expect  a  smaller  thermal  gradient, 
e.g.  0.15®C/T2  m  =  l°C/80  m.  corresponding  to  temperature  differences  of  0.15°C.  Likewise  in 
18®C  water,  we  might  expect  a  very  small  gradient.  However,  except  for  rare  intrusion  events, 
the  gradients  should  always  be  positive  since  the  .ADCPs  are  positioned  above  the  current 
meters  on  the  moorings. 

Comparisons  of  the  Tl  and  Tadcp  records  were  made  for  all  four  of  .ADCPs.  These  included 
the  full  records  for  sites  H3.YR1.  H.3.VR2  and  H4.YRI.  as  well  as  a  short  record  for  site  r2.YR2. 
when  the  current  meter  failed  after  a  4-month  period.  No  .ADCP  data  were  obtained  for  sites 
r2.YRl  and  H4-YR2.  The  results  of  these  comparisons  are  summarized  here.  The  error  in 
these  temperature  offsets  is  ±  -  0.0.5®C.  "Good"  means  that  the  difference  Aj  =  Tadcp  -  Tl 
corresponds  to  a  realistic  temperature  gradient.  Plots  of  the  temperature  difference  versus 
n  are  shown  in  Figure  9. 

H3-YR1: 

Tadcp  appears  to  have  an  offset  of  approximately  -0.5°C.  It’s  too  cold. 

•  The  ADCP  temperature  is  always  colder  than  the  current  meter  71.  Thus  Tadcp 
is  bad. 

•  For  Tl  =  6  -  10®C,  At  =  -0.4  to  -  0.2.5'’C.  It  should  be  -bO.15  to  4-0. 2°C. 

•  For  Tl  =  10  -  14®C,  At  =  -0.3  to  -  O.PC.  It  should  be  +0.25®C. 

•  Tadcp -Tl  js  less  than  -0.5°C  during  one  cold  event  (Tl  =  6®C).  This  is  probably 
an  intrusion. 

H4-YR1: 

•  Tadcp  looks  like  it  has  an  offset  of  -0.25  to  -0.3°C.  It  is  too  cold. 
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•  For  n  =  5  -  10°C.  Ar  =  -O.lo  to  -0.10°C.  It  should  be  -O.i)  to 

•  For  n  =  10  -  17°C.  Ar  =  -0.05  to  -r  0.'25“C.  It  should  Hp  around  O.’do'T 

•  For  n  =  18°C.  At  =  -0.20  to  -  0.25'’C.  It  should  be  0.0  -  D.l'C. 

H3-YR2: 

•  T\[)CP  looks  good.  If  anything,  there  might  be  an  offset  of  -0.0.5’C.  which  is  too 
cold. 

•  For  n  =  7  -  10®C.  At  =  0.05  to  0.2'^C. 

•  For  n  =  10  -  16“C.  At  =  0.2  to  0.4°C. 

•  For  n  =  18“C.  At  =  +0.0  to  0.05°C 

•  There  are  2-3  spikes  when  Tadcp  about  0.02“C  or  so  colder  than  Tl.  Overall 
however,  this  is  a  very  reasonable  record. 

I2_YR2: 

•  T.aocp  looks  good.  If  anything,  the  Tadcp  might  be  0.1“  C  too  warm. 

•  For  ri  =  6  -  10“  C.  =  0.2“C. 

•  For  n  =  10  —  16®C.  At  =  0.25  —  0.5“C.  and  occasionally  At  =  0.5  -0.7  C  warmer. 

•  The  Tadcp  is  never  colder  than  Tl  over  the  DOO-point  record  (4  months). 

In  summary,  these  comparisons  show  that  it  is  rea»sonable  to  use  the  .\DCP  temperatures 
in  the  mooring  motion  correction  of  sites  H3.YR2  and  r2-YR2.  However,  extra  precautions 
should  be  taken  when  using  the  .\DCP  temperatures  of  sites  H3-YRI  and  H4.YR1.  We  did 
not  use  either  of  these  two  records  for  the  mooring  motion  corrections  describeiin  this  report. 
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Figure  9:  The  temperature  differences  AT  = 
1  current  meter  temperature  T\. 


\dcp  ~  are  plotted  as  a  function  of  the  level 


Appendix  B:  Mooring  Motion  Correction  Matlab  Codes 


There  are  two  basic  driver  programs  associated  with  the  mooring  motion  correction  -cheme. 
The  first  computes  the  canonical  profile  from  a  subset  of  the  temperature  and  pressure  data, 
and  the  second  uses  the  canonical  profile  to  correct  the  temperature  and  velocity  data  of  a 
current  meter  to  the  nominal  depth.  However  because  we  classified  the  moorings  as  either 
northern  and  southern  sites,  we  needed  two  distinct  canonicad  profiles.  Thus  we  created  two 
versions  of  each  of  the  driver  programs,  one  version  for  the  northern  sites  and  the  other  for  the 
southern  sites.  For  the  northern  sites,  the  program  synopbznorth.m  computes  the  canonical 
profile  and  mmcorn.m  uses  that  profile  to  correct  the  temperature  and  velocity  data  of  a 
single  current  meter  on  a  given  mooring  The  programs  synopbzmid.m  and  mmcors.m  are 
the  respective  codes  for  the  southern  moorings. 

The  driver  programs  for  determining  the  canonical  profiles,  synopbznorth.m  and  synop¬ 
bzmid.m.  each  call  three  subroutines:  (1)  mcor.m  performs  the  iteration  to  determine  the 
coefficients  of  the  polynomial.  (2)  nlreg.m  iterates  to  determine  the  reference  pressure.  (3) 
errbzp.m  calculates  the  polynomial  and  its  derivative  for  each  day. 

The  other  two  driver  programs,  mmcorn.m  and  mmcors.m.  each  call  four  subroutines: 
(1)  zest.m  computes  the  daily  reference  pressure.  (2)  tempcor.m  computes  the  corrected 
temperature  and  estimates  the  associated  error.  (3)  tprefer.m  computes  the  error  in  the 
reference  pressure,  and  (4)  velc.m  computes  the  corrected  velocity  and  estimates  its  error. 

The  error  estimates  depend  on  knowing  the  standard  deviation  envelope  of  the  temperature 
measurements  about  the  canonical  profile.  For  completeness,  the  code,  tenv.m.  which  com¬ 
putes  the  lookup  table  for  the  standard  deviation  envelope,  is  included  in  this  appendi.x. 
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Appendix  C;  Temperature  versus  Pressure  Profiles 


Measured  temperatures  are  plotted  against  the  pressure,  -  p.  for  each  mooring.  Level 
1  data  are  indicated  by  crosses,  level  2  data  by  squares,  and  level  3  data  by  triangles.  The 
canonical  profile  is  also  shown  for  each  site.  The  reference  pressure.  Pr^/.  wais  determined 
by  least-squares  regression  for  all  sites  e.xcept  two.  For  sites  G2.YR2  and  H4-YR1.  p,,/  was 
obtained  from  the  lES  data. 
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Appendix  D:  Pseudo-IES  and  lES  Zi?  Records 


Time  series  of  the  depth  12®C  isotherm  as  determined  by  the  current  meter  moorings  and 
the  lESs  are  presented. 

The  current  meter  reference  pressure  records,  pr*/.  have  been  scaled  by  a  factor  of  1.01 
to  convert  the  units  from  decibars  into  meters.  We  refer  to  these  scaled  data  as  •  pseudo- lES' 
records. 

The  actual  lES  observations  are  not  shown  in  the  following  figures  because  the  lES  and 
current  meter  sites  were  separated  by  a.s  much  as  5  km.  Instead,  we  interpolated  objective 
maps  of  the  lES  Z12  fields  to  obtain  time  series  of  Z12  right  at  the  current  meter  mooring 
locations.  These  interpolated  records  are  the  ones  presented  here. 

In  the  following  figures,  the  lES  data  are  shown  by  the  dashed  lines  and  the  pseudo-IES 
records  by  the  solid  lines.  Due  to  lES  instrument  failures,  either  partial  data  or  no  data  are 
shown  for  the  lESs  at  sites  H2-YR1.  lUYRl.  I3,YR1.  and  I1.YR2.  We  did  not  deploy  an  lES  at 
the  base  of  the  mooring  at  site  M13.YR2:  thus  no  lES  data  is  shown  for  that  site.  .Additionally, 
no  pseudo-IES  data  are  shown  for  sites  H4.YR1  and  G2.YR2  because  there  was  insufficient 
current  meter  data  to  determine  pre/- 

For  convenience,  the  Year  1  data  are  plotted  from  May  1988  to  August  1989  and  the  Year 
2  data  for  May  1989  to  August  1990.  Consequently  there  is  an  overlap  of  approximately  three 
months  in  these  figures.  Thus  some  of  the  current  meter  data  (specifically,  the  four  two-year 
moorings  «it  sites  H2,  H6,  II,  and  15)  are  repeated  during  that  time  period.  Except  for  the  lES 
sites  noted  above,  the  lES  records  are  continuous  throughout  the  two  year  period. 
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Table  9.  Statistics  on  Pseudo-IES  Z12  Data 


Units  of  Z\i  are  meters.  Dividing  by  these  values  by  1.01  converts  thedepths  into  /?.,<  m 
decibars.  The  values  listed  for  sites  H4-YR1  and  G2.YR2  are  the  statistics  of  the  lES.  not 
the  pseudoJES.  data  because  there  were  insufficient  current  meter  measurements  to  obtain 
Pre/  at  those  two  sites.  For  sites  H2-YR2.  H6-YR2.  I1.YR2,  and  I5.YR2.  statistics  are 
reported  on  the  two-year-long  data  records  (May  1988  to  .\ugust  1990 i.  For  all  other  sites, 
the  statistics  are  on  data  records  of  appproximately  one  year  in  duration. 


Site 

G2-YR1 

G2.YR2 

G3.YR1 

G3-YR2 

H2-YR2 

H3.YR1 

H3.YR2 

H4.YR1 

H4.YR2 

H5.YR1 

H6-YR2 

I1.YR2 


I4.YR2 


M13.YR2 


5CC  — 


989  -990 


’989  '990 


1989  ’990 
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Appendix  E:  Comments  on  Mooring  Motion  Corrections 

G2.YR1 

•  Not  used  to  determine  either  profile. 

•  Corrected  using  northern  profile. 

•  Level  4  velocities  were  never  used  due  to  highly-energetic  events. 

G3-YR1 

•  Not  used  to  determine  either  profile. 

•  Corrected  with  southern  profile. 

•  Special  handling  required  to  make  sure  all  levels  began  at  same  time. 

•  Data  gaps  in  level  I  velocities.  Filled  by  e.xtrapolation  from  levels  2  and  3. 

H3-YR1 

•  Used  to  determine  northern  and  southern  profiles. 

•  Corrected  using  northern  profile. 

•  Level  4  velocities  were  never  used  due  to  highly-energetic  events. 

•  ADCP  pressures  used.  However,  level  1  current  meter  pressures  were  used  to  fill  a  data 

faa  at  end  of  record.  .\  bias  of  6  db  was  subtracted  from  the  current  meter  pressures 
eiore  using  them. 

H4.YR1 

•  Not  used  to  determine  either  profile. 

•  Corrected  with  southern  profile. 

•  ADCP  pressures  used  instead  of  level  I  current  meter  pressures.. 

•  Only  one  working  temperature  sensor. 

•  Used  IBS  Z|2  as  p^e/  scaling  from  meters  to  decibars. 

•  A  comparison  of  the  pr,/  (determined  from  the  current  meter  data  for  a  short  time  period ) 
and  the  lES  Z12  showed  a  10  db  bias  between  the  two  records.  Since  we  used  the  lES  Zu 
data  for  the  mooring  motion  correction,  we  added  10  db  to  the  ADCP  pressures  to  make 
the  two  data  sets  consistent. 

•  Biases  in  the  current  meter  pressures  are  the  sources  for  the  discrepancies  between  delpl2 
of  Table  5  and  the  observed  delta  pressures  in  Tables  2  and  3. 

H5.YR1 

•  Not  used  to  determine  either  profile. 

•  Corrected  with  southern  profile. 

I2-YR1 

•  Not  used  to  determine  either  profile. 

•  Corrected  using  northern  profile. 

•  Level  4  velocities  were  never  used  due  to  highly-energetic  events. 
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•  ADCP  failed.  Used  level  1  current  meter  pressures  after  removing  t!\e  ib  oia-> 

•  Special  handling  required  to  make  sure  all  levels  began  at  same  time 

I3_YR1 

•  Used  to  determine  northern  profile. 

•  Corrected  using  northern  profile. 

•  Special  handling  to  truncate  level  I  to  same  length  as  levels  2  and  ■]. 

14-YRl 

•  Used  to  determine  southern  profile. 

•  Corrected  with  southern  profile. 

•  Special  handling  to  truncate  level  3  to  same  length  as  levels  1  and  2. 

G2-YR2 

•  Not  used  to  determine  either  profile. 

•  Corrected  with  southern  profile. 

•  Level  4  velocities  were  never  used  due  to  highly-energetic  events. 

•  Only  one  working  temperature  sensor. 

•  Used  lES  Zi2  as  pre/  after  scaling  from  meters  to  decibars. 

G3.YR2 

•  Not  used  to  determine  either  profile. 

•  Corrected  with  southern  profile. 

H2-YR1  and  YR2 

•  Two-year  long  record 

•  Used  to  determine  northern  profile. 

•  Corrected  with  northern  profile. 

•  Level  4  velocities  were  never  used  due  to  highly-energetic  events. 

•  Data  gaps  in  level  I  velocities.  Filled  by  extrapolation  from  levels  2  and  3. 

H3.YR2 

•  Used  to  determine  northern  and  southern  profiles. 

•  Corrected  using  northern  profile. 

•  AOCP  pressure  used. 

•  Level  I  current  meter  failed  after  a  short  period.  ADCP  temperatures  and  Bin  1  velocities 
were  used  for  the  remaining  time  period. 

•  Level  4  velocities  were  never  used  due  to  highly-energetic  events. 

H4.YR2 

•  Not  used  to  determine  either  profile. 
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•  Corrected  using  northern  profile. 

•  ADCP  failed.  Used  the  level  1  current  meter  pressures  after  subtracting  a  <>  db  bias. 

H6-YR1  and  YR2 

•  Two-year  long  record. 

•  Not  used  to  determine  either  profile. 

•  Corrected  with  southern  profile. 

•  Very  large  e.vcursion  of  550  in  used  taken  by  mooring. 

Il-YRl  and  YR2 

•  Two-year  long  record. 

•  Used  to  determine  northern  profile. 

•  Corrected  using  northern  profile. 

•  Special  handling  to  truncate  last  data  point  of  all  levels  except  level  1. 

•  Level  -1  velocities  were  never  used  due  to  highly-energetic  events. 

I2.YR2 

•  Used  to  determine  northern  profile. 

•  Corrected  using  northern  profile. 

•  ADCP  pressures  used. 

•  Level  .  current  meter  failed.  Used  .\DCP  temperatures  and  velocities  instead. 

•  Level  4  velocities  were  never  used  due  to  highly-energetic  events. 

I3-YR2 

•  Not  used  to  determine  either  profile. 

•  Corrected  with  southern  profile. 

•  Level  2  temperatures  get  bad  near  the  end  of  record.  Use  only  the  first  1230  data  points 
of  this  record. 

•  Level  1  velocities  failed  after  a  short  period.  Thus  corrected  velocities  at  this  level  were 
obtained  by  extrapolation  from  levels  2  and  3.  The  largest  velocities  were  obtained  for 
this  site  (Table  Di ). 

I4.YR2 

•  l^sed  to  determine  southern  profile. 

•  Corrected  with  southern  profile. 

I5-YR1  and  YR2 

•  Two-year  long  record. 

•  Used  to  determine  southern  profile. 

•  Corrected  with  southern  profile. 

•  Data  gaps  in  level  1  velocities.  .Many  gaps  filled  by  extrapolation  from  levels  2  and  3. 
Some  periods  were  not  filled  because  the  mooring  took  large  excursions. 

M13-YR2 

•  Used  to  determine  southern  profile. 

•  Corrected  with  southern  profile. 

•  Level  I  pressures  were  bad.  Used  level  2  pressures  and  adjusted  delpl2  and  delpl3  ac¬ 
cordingly  (see  Table  5). 


Appendix  F:  Mooring  Motion  Corrected  Data 
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Plots  of  the  mooring  motion  corrected  temperature  and  velocities  are  shown  for  each  moor¬ 
ing.  All  data  have  been  corrected  to  constant  depths  of  400  m,  700  m.  and  1000  m.  These  data 
have  also  been  lowpassed  using  a  40-hr  Butterworth  filter. 

The  plots  on  each  page  are  organized  in  the  same  manner.  In  the  uppermost  panel,  corrected 
temperatures  at  ail  three  depth  levels  are  shown.  The  corrected  velocities  are  shown  in  the 
bottom  three  panels,  one  for  each  of  the  pre.ssure  horizons.  The  solid  line  in  each  panel  shows 
the  u-component  of  velocity  and  the  dashed  line  indicates  the  u-component.  Some  data  gaps 
are  still  evident  in  these  figures. 

The  temperature  and  velocity  records  for  each  mooring  are  presented  on  two  pages.  The 
first  page  shows  the  data  for  the  Year  1  deployment  period,  May  1988  to  August  1989.  The 
Year  2  data.  May  1989  to  August  1990.  are  shown  on  the  second  page.  There  is  a  three-month 
overlap  in  these  two  figures;  thus  the  corrected  data  at  several  sites  are  repeated  in  the  two 
figures. 

The  reference  pressure,  pre/.  at  each  mooring  are  not  shown  in  this  appendix.  They  are 
shown  in  Appendix  D  together  with  the  corresponding  lES  records. 
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Table  10.  Start  and  End  Times  of  the  Mooring  Motion  Corrected  Data 

The  times  are  associated  with  the  first  and  last  points  of  the  corrected  temperature  and 
velocity  data  records  for  all  three  levels  on  each  mooring.  The  sampling  interval  is  6  hours 
and  the  record  lengths  are  listed  as  the  number  of  points. 


C  T-  ' 

Start  Tune 

- r 

End  Time  j 

Site 

Date 

Time  ( L’T) 

Date 

ESQ 

G2.YR1 

88-05-28 

0000 

89-06-03 

1200 

G2.YR2 

89-06-06 

1800 

90-08-24 

1200 

G3.YR1 

1800 

89-05-27 

1800 

G3.YR2 

89-05-31 

0000 

90-08-24 

0600 

H2-YR2 

88-05-26 

1800 

90-08-10 

0600 

H3-YR1 

88-06-12 

1800 

89-05-31 

1200 

H3.YR2 

89-06-03 

1800 

90-08-14 

1200 

H4.YR1 

88-06-15 

1800 

89-06-05 

060” 

H4.YR2 

89-06-09 

0000 

90-08-18 

1200 

H3.YR1 

88-06-09 

0000 

89-06-14 

1200 

H6.YR2 

88-05-23 

1800 

90-08-08 

1200 

I1.YR2 

88-05-26 

0000 

90-08-10 

0600 

I2-YR1 

88-06-10 

1800 

89-05-29 

0600 

I2.YR2 

89-06-02 

0000 

90-08-16 

0600 

13-YRl 

88-06-10 

0600 

89-07-01 

0000 

I3-YR2 

89-08-26 

0000 

90-08-09 

1200 

I4.YR1 

88-06-09 

1800 

89-06-28 

1800 

I4.YR2 

89-08-27 

1800 

90-08-15 

1200 

I5.YR2 

88-05-24 

1800 

90-08-07 

1200 

M13-YR2 

89-08-28 

1800 

90-08-17 

1200 

Statistics  on  the  Mooring  Motion  Corrected  Temperature  and  Velocity  Data 
Tenipertures  are  in  units  of  °C.  Velocity  are  reported  in  units  of  iii  s~'. 
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